This paper investigated the effect of moisture ingress on the bending fatigue of laminated composites. An accelerated testing method was developed to investigate the interaction between composite fatigue and moisture diffusion effects. Unidirectional and cross-ply laminated CFRP composites were manufactured in autoclave, and then submerged in either fresh or seawater for various periods. Quasi-static and cyclic tests were carried out in both air and wet environment, and the failure mechanisms were investigated using visual and microscopic methods. Additionally, a robust 2D Finite Element model (FEA) was developed to simulate the fatigue crack propagation based on Virtual Crack Closure Technique (VCCT), while a 3D FEA model was developed to investigate the edge effect on fatigue crack propagation. The experimental observations gave a good agreement with the FEA models. The study showed that the bending fatigue failure was due to the so-called buckling-driven delamination, and the fatigue life was reduced significantly owing to the combination of edge effect and capillary effect. Therefore, a 4-step fatigue failure theory was proposed to explain the moisture effects on the crack propagation under bending fatigue.
Introduction
Compared with the aerospace industry which relies on the ratio of strength to weight, the use of marine composites was attracted by their superior performance of environmental resistance and fatigue life. Since the FRP composites can be moulded to very complex shape, these materials have been successfully introduced to construct the blades of tidal or underwater turbine [1] [2] [3] . The challenges for composite materials used in marine environment include the long exposure time of moisture, temperature, numerous ionic species as well as the microorganisms. Recently, a multiscale study of CFRP composite has been demonstrated that the marine environment exposure not only affects the stress distribution in composite laminates but also degrades the interface of the fibre and matrix [4, 5] . In the marine environment, the mechanical structure is designed to have a service life of several decades, and the determination of the resistance to combined state of cyclic stress is a fundamental problem concerning the marine uses of FRP composites. Therefore environmental fatigue is the main concern of the engineers in design of the marine structures to control the cost of maintenance.
The fatigue of FRP composites in ambient environment had been investigated intensively, in which some of them developed theories to predict the composite fatigue [6] [7] [8] . Meanwhile, the marine environmental effects on the durability of FRP composites had been investigated by correlating the exposure time with the decrease of tensile strength [9] , fibre/matrix interfacial strength [10] , transverse and shear strengths [11, 12] . In view of the complexity of the environmental effects and the damage accumulation during fatigue cycling, there is little hope for including fibre breakage, matrix cracking, interfacial debonding and delamination in a single formula. On the other hand, most of the previous works focused on the uniform axial loads, which neglect some stress components such as out-of-plane stresses. Due to the nature of bending, laminates are subjected to tension, compression and shear, which is fundamentally different from the uniaxial loads [13] . However, there have been few reports on the environmental effects on the bending fatigue.
Many mathematical techniques have been developed to predict the crack growth, in which some of the most popular methods used for the delamination of composites are extended finite element method (XFEM) [14] [15] [16] , cohesive element method (CZM) [17, 18] and virtual crack closure technique (VCCT) [19] [20] [21] . The advantage of XFEM, predicting the onset of the crack by maximum principal stress/strain, is commonly combined with the other methods to model the crack initiation and propagation. However, the fracture criterion of XFEM is based on tensile strength which is unlikely to predict the onset of the crack in bending correctly because the composite is subject to compression delamination.
The present work was intended to understand how the moisture diffusion affects the failure mechanisms of laminated composites in bending fatigue. Unidirectional ([0] 16 ) and cross-ply ([90/0] 4s ) laminates were manufactured and tested in bending fatigue following ISO standards This article has been published in the Journal of Composite Structures. Please refer this article as-"Moisture effects on the bending fatigue of laminated composites", M. Meng; H. Le [22, 23] to perform the flexural behaviour and ASTM standard [24] to simulate marine environmental exposure. A robust 2D FEA model based on VCCT was then applied to examine the buckling-driven delamination in bending fatigue, while a 3D FEA model was applied to investigate the free edge effects and the effects of water ingress. The mode I and mode II strain energy release rates in critical areas of the laminated composites were examined and correlated with the observation of the fatigue crack propagation in experiments.
Experimental methods

Material preparation
Unidirectional (UD) and cross-ply (CP) laminates made up of pre-preg CFRP composites (Cycom HTS/977-2) were used for the study. This is a high temperature (180°C) curing toughened epoxy resin with 212°C glass transition temperature (Tg) which is formulated for autoclave moulding. The pre-preg CFRP composite plates were autoclave-manufactured and sliced into the designated dimension ( mm mm width length 15 100    ) following the ISO standards [22, 23] . The coupons were divided into two sets: (a) the as-received (dry) coupons were tested in quasi-static 3-point bending in the normal environment following the ISO standard [22] , and the apparent flexural strength was recorded for the criterion to define the loading level for the bending fatigue tests. Some of the as-received coupons were saved for the fatigue test; (b) the second set of coupons were submerged in three chambers which contained fresh water, sea water and sea water with 70bar hydrostatic pressure respectively. In order to accelerate the diffusion process, all the three chambers were placed in an oven at a constant temperature of 50°C. The coupons were saturated after soaking for three months, and then the flexural strength was measured in quasi-static 3-point bending in ambient condition and was
Bending fatigue setup
The bending fatigue, conducted in accordance with ISO standard [23] , was carried out on a universal fatigue testing machine (INSTRON E3000) which created a sinusoidal cyclic load. The R ratio (minimum load to maximum load) was fixed at 0.1 and the load control method (constant maximum and minimum forces for each cycle) was applied. The main concern of the choice of frequency was the heat generation and the thermal conductivity (associated with heat dispersion) of the specimen. Since the carbon fibres present much higher value of thermal conductivity than other kinds of fibres, a relatively higher frequency can be applied on a CFRP specimen. Many researchers employed 5 Hz for GFRP composite and 10 Hz for CFRP composites; however 30 Hz for CFRP composites was reported in some cases [25] . According to the FEA simulation (ANSYS Workbench), the first order of resonance frequency of the unidirectional and cross-ply laminates were calculated in the order of 600 Hz and 900 Hz respectively, therefore the resonance effect can be neglected when the loading frequency is in the range of 5-30 Hz. In the present work, most of the specimens were tested at a frequency of 10 Hz though a few were at 15 Hz for comparison. Specimens were mainly tested at 80% and 90% UFS (ultimate flexural strength), though a few specimens were tested at 65% UFS for comparison. The ultimate flexural strengths of the unidirectional and cross-ply laminates were inherited from the quasi-static bending tests shown in Table 1 . The mean value and amplitude are necessary for machine setup, which are calculated by,
with R=0.1. Table 1 has shown that the flexural strengths of the dry and wet specimens were very close to each other; therefore the loading levels for both dry and wet specimens with the same layup were the same in the fatigue tests. Table 2 shows the loading levels corresponding to the mean value and amplitude.
In order to simulate the condition of water immersion, the specimen was covered by a wet sponge which was regularly replenished with water by a tube during the fatigue test, using sea water or tap water on appropriate. Fig.1 shows the three test conditions: Dry-3P, Dry-4P and Wet-4P. The deflection and reaction force at the loading point were recorded. The machine applied a linear increase of the load to the mean value for five seconds. After that a gradually ramped amplitude cyclic loading sequence was applied until the designated loading level was reached. The fatigue machine showed a variety of responses for unidirectional and cross-ply laminates at the end of the fatigue test, indicating different failure modes. Fig.2 shows the reaction force and deflection of a unidirectional laminate at fracture then the criterion was tripped the limit and the machine stopped. The rapid drop of the reaction force to zero indicated that the specimen failed suddenly and broke into two parts. Fig .3 shows the reaction force and deflection of a cross-ply laminate when it failed. Instead of the zero reaction force at failure, the deflection increased gradually until the limit was tripped. The machine then stopped automatically while the reaction force remained at a constant level, indicating that the specimen suffered significant fracture but did not break into two parts.
Fatigue test results
Fatigue life
Fig .4 shows the fatigue life of the cross-ply laminate in respect of four testing environments. Some rules can be summarized from these data, though the distribution of the fatigue life at different loading levels and testing environments showed relatively high scatter. At 90% UFS, both wet and dry specimens were tested in 4-point bending and all of the specimens were broken at no more than 10 6 cycles. In the meantime, the immersed specimen showed a lower cycle count than those without immersion. At 80% UFS, all the dry specimens presented infinite fatigue life (more than 6 10 3 cycles) at this testing condition. In contrast, all of the immersed specimens failed. The plot of the fatigue cycle count for the dry specimens scatters at 80% UFS loading level in the figure because the tests were stopped manually when it was found that the fatigue cycle count had exceeded 6 10 3 , and such specimens were labelled as This article has been published in the Journal of Composite Structures. Please refer this article as-"Moisture effects on the bending fatigue of laminated composites", M. Meng; H. Le having an infinite fatigue life. It is interesting to notice that the immersed specimen tested without the cover of the wet sponge survived at this loading level, indicating that the fatigue behaviour was also affected by the testing environment. At 65% UFS, all of the specimens survived regardless of the laminate pre-conditions and testing environments.
The unidirectional laminate showed a similar trend at the loading levels, as plotted in Fig.5 . At the 90% UFS loading level, no specimen could withstand 6 
10
3
fatigue cycles. At the 80% UFS loading level, the dry specimen survived while all the immersed specimens failed. More specifically, as shown in the magnified chart for the immersed specimens at 80% UFS loading level, the cycle counts of the three kinds of water immersions showed such large scatter that there was no clear evidence of any difference of the effects of the three kinds of water immersions on the fatigue life. It had been found that the sea water immersion specimens presented a larger number of bare fibres than tap water condition [5] , meaning that the degradation in sea water was more severe than in tap water. One possible explanation for this phenomenon is that the 3-month period of water immersion was not long enough to see the obvious difference of the effects on the fatigue performance. Compared to the cross-ply laminate, the immersed unidirectional specimen broke at 65% UFS, indicating that the effects of water immersion on cut-off fatigue life were dependent on laminate stacking. The fatigue lives of the UD and CP laminates shown in Figs.4 and 5 share many common features, one of which is that the distribution of the ultimate fatigue cycles showed huge scatter. Additionally, these values were extremely high and strongly dependent on the laminate pre-conditions (dry or wet), testing environments as well as the laminate stacking. In fact, the fatigue performance is also dependent on the other factors, such as the bending condition. Therefore it is reasonable to believe that the traditional SN curve, which is widely used to predict the fatigue of metal, is inappropriate to present the fatigue behaviour of FRP composites, and the analysis of their fatigue failure requires consideration of the other aspects, such as the durability of the stiffness during the fatigue test, crack initiation and propagation.
Fatigue stiffness
The quasi-static bending test had shown a perfect linear force-deflection curve for the simply supported laminate in 3-point and 4-point bending when the ratio of deflection to span was lower than 10% (as in the fatigue cases). The ISO standard [22] provides equations to calculate the apparent flexural modulus for 3-point and 4-point bending, For the 4-point bending case, the maximum deflection shown in equation (2) was the deflection at the middle point of the laminate; however this is unavailable in the present work because the fatigue machine recorded the deflection at the loading point. Therefore, a formula was derived to determine the apparent flexural modulus from the deflection at the loading point (the derivation is shown in the Appendix), 
where load D max is the deflection at the loading point of the specimen.
The fatigue stiffness clearly shows the evolution of fatigue behaviour. Fig.6 shows the hysteresis loops of a cross-ply laminate under 3-point bending in terms of deflection-reaction force. Two loops were plotted in the figure, showing the histories at the beginning (100 cycles) and the end (5,000,000 cycles) of the test. The two loops almost overlapped each other, indicating that this type of plot can only provide limited information on the change of specimen state. Therefore the reaction force was transformed to flexural modulus by introducing the specimen dimension and bending condition, as shown in Fig.7 . The two hysteresis loops illustrated the loading sequence within one single cycle as shown by the coloured arrows in the figure and the degradation of the flexural stiffness with increasing fatigue cycles. In terms of dynamic loading, the apparent reaction force is calculated by the sum of the specimen reaction and the acceleration of the load cell. In the sinusoidal cyclic loading, the acceleration decreases to zero at the maximum deflection and shifts to negative value when the load cell returns. Therefore, a sudden drop of the reaction force can be seen at the maximum deflection in Fig.6 , and the amplified stiffness reduction from Fig.7 . At the stage of minimum deflection, the flexural modulus decreased significantly from cycle 100 to cycle 5,000,000, as can be seen in the Fig.6 , indicating fracture at the contact region on the compressive side. Additionally, based on the equation (3), the apparent flexural modulus at the minimum deflection was more sensitive to the deflection than at the maximum deflection.
Stiffness reduction was also observed in the 4-point bending fatigue test. A microscopic study of an 'infinite fatigue life' specimen, shown in Fig.8 , reveals an explanation of this stiffness reduction at the minimum deflection observed in the fatigue test. First, the fracture initialized at the contact region between the load cell and the compressive surface of the specimen due to the stress concentration, showing a damaged interface. Later on some of the material in the pure bending region (between the two load rods) on the compressive surface was peeled off due to the compression and delamination. The stiffness decreased gradually when the specimen was peeled off ply by ply. As the fatigue test was force controlled, the deflection increased while the stiffness decreased. It should be noted that this was a very slow and continuous process; thus it is unacceptable to test the specimen till it fails, and it is reasonable The fatigue failure of FRP composites is very complicated and is dependent on many aspects such as the testing conditions, environments, and the laminate layups, so that any attempt to predict the fatigue behaviour by a universal formulation may lead to inaccurate result. In the present work, the fatigue analysis of FRP composites in a marine environment is based on the study of the fatigue stiffness which shows a variety of interactions among the fatigue behaviour, laminate layups, testing conditions and the environmental effects.
The fatigue stiffness unveiled the effects of loading levels and the bending conditions, i.e. 3-point and 4-point bending. Fig.9 shows the flexural stiffness of cross-ply laminate without water immersion (CP-dry) tested in 3-point and 4-point bending. Both the specimens survived after withstanding more than 6 
10
3
cycles at 80% UFS, and therefore were labelled as 'infinite fatigue life'. As can be seen from the figure, both the specimens showed nearly flat fatigue stiffness curves during the test cycles, demonstrating excellent fatigue performance at this loading level. However, the curve for the 4-point case showed a downward trend as the fatigue cycle increases, due to the contact and delamination shown in Fig.8 . As a contrast, the curve of the 3-point case remained flat because the delamination at the contact region was constrained by the loading roller which prevented the propagation of the crack.
This For comparison, Fig.10 shows the 'broken' cases of the CP-dry laminates tested in 3-point and 4-point bending. Both the specimens were tested at 90% UFS. The 3-point case showed a flat fatigue stiffness which was similar with the 80% UFS case; however it failed suddenly when the damage accumulated to a critical value. The 4-point case presented a bigger stiffness reduction compared with the 80% UFS case (c.f. Fig. 9 ) until damaged plies accumulated to a critical value and then the specimen failed. This A similar trend can be seen in the fatigue stiffness of the UD-dry laminates, as shown in Fig.11 . At 90% UFS, the specimen failed suddenly in 3-point bending due to fibre microbuckling which had been discussed in [13] . Both the specimens failed after withstanding more than 6 10 cycles. It is interesting to note that the UD specimen failed and broke into two pieces rapidly in 4-point quasi-static bending test, and the failure happened too quickly to be captured by a camera. However, in the fatigue test, the stiffness reduction, shown step by step, can be seen clearly, as well as the delamination on the compressive side of the specimen. The effects of testing environments, i.e. dry and wet conditions, are shown in the fatigue stiffness results. Fig.12-13 show the comparison between the CP and UD laminates tested in dry and wet environments. There are three curves of fatigue stiffness in each figure for the comparison: (a) CP-dry-90%, dry specimen tested at 90% UFS which failed at the end of the test; (b) CP-tap-80%, tap water immersion specimen tested at 80% UFS which failed in the end of the test, and (c) CP-dry-80%, dry specimen tested at 80% UFS loading level which survived at the end of the test. No significant difference can be found from the testing environments of the tap water, sea water and sea water with 70 bar hydrostatic pressure.
As can be seen from Fig.12 , the curves, as well as the fatigue failure modes, depend on the loading levels and the testing environments. The CP-dry-90% specimen failed and showed similar fatigue life with the CP-tap-80% specimen. However the previous one was tested at the highest loading level while the wet specimen was tested at 80% UFS. Hence, the water immersion degraded one level of the strength of FRP composites, and showed a reduction in both crack initiation time and failure times. On the other hand, no obvious stiffness reduction can be seen from the CP-tap-80% specimen until it failed suddenly when the damage accumulated to a critical value. This is different from the CP-dry-90% specimen which showed a step of approximate 10% stiffness reduction before it failed. The CP-dry-80% specimen survived to the end of the fatigue test although it showed a tiny stiffness reduction after about 6 
10
2
cycles, which suggests that there is a cut off strength for this type of FRP composite in fatigue.
Fig.12. Typical fatigue stiffness of the CP laminates in 4-point bending fatigue test in dry and wet environments
The fatigue stiffness of UD laminates showed a similar trend although the failed specimens (UD-dry-90% and UD-tap-80%) withstood a higher fatigue cycle count. The comparison of the fatigue behaviour of these two layups demonstrates the high scatter of the composite fatigue behaviour. The observation that the fatigue failure process as well as the fatigue life of GFRP [26] [27] [28] and CFRP composites [29, 30] are accelerated by water immersion has been reported in the literature. 
Fig.15. Comparison of the CP specimen failure mode in 4-point bending: (a) quasi-static bending and (b) bending fatigue
Experimental evidence shows the fatigue failure was also affected by the loading sequence, i.e. quasi-static and cyclic (fatigue) loading. Fig.14 and Fig.15 provide the evidence of different failure modes of the CP laminate associated with different testing conditions. In 3-point bending, as shown in Fig.14(a) , the specimen failed by delamination caused by the maximum tensile stress at the bottom (tensile) surface. However, initial crack was found on the compressive surface of the CP specimen in the 3-point bending fatigue test, as shown in Fig. 14(b) . This initial crack did not immediately lead to the failure of the laminate; instead, it accumulated, leading the applied stress to a critical value until the laminate failed rapidly, as shown in Fig.10 .
Nevertheless, different failure modes were observed in 4-point bending. The specimens failed by delamination on the compressive surface regardless of the loading sequence (quasi-static or fatigue), as shown in Fig.16 . This compressive delamination is regarded as bucklingdriven delamination in the present work, which is discussed in the later section on the FEA modelling. It should be noted that, the compressive delamination failure was also observed in the UD specimen in the 4-point bending fatigue test. The UD specimen tested in 4-point quasi-static bending broke into two parts too rapidly to be observed by a camera; however the fracture surface indicated the crack initialized at the contact region on the compressive surface, as shown in Fig.16 . 
FEA modelling
The experimental section had shown that compressive delamination was the main failure mode in bending fatigue. This is called buckling-driven delamination in the present work. A comparative study of the bending fatigue was conducted using FEA. Only the CP laminate was modelled for the study.
Virtual crack closure technique
VCCT uses linear elastic fracture mechanics (LEFM) concepts based on the strain energy release rate of the crack tip deformation, and compares the strain energy release rate to interlaminar fracture toughness [20] . For the pure mode I, as shown in Fig.17 , nodes 2 and 5 will start to release when,
where G I and G IC are mode I energy release rate and the critical energy release rate; w is the width; F v,2,5 is the vertical force between nodes 2 and 5; v 1,6 is the vertical displacement between nodes 1 and 6. Mode II can be treated similarly.
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Fig.17 Configuration of the virtual crack closure technique
The calculated G value must exceed the critical G c before the crack propagates, and mixed mode propagation should be taken into account to evaluate the equivalent strain energy release rate. Compared with the power law, which requires three parameters corresponding to the three modes, the Benzeggagh-Kenane criterion, also known as BK law, is easier to implement,
where η is the BK law fitting parameter. The BK law was used in the present work for the FEA simulation.
The onset and fatigue delamination growth at the interfaces are characterized by using the Paris law, which relates crack growth rate da/dN to the relative strain energy release rate, as shown in Fig.18 . The fatigue crack growth initiation criterion and the crack growth rate are defined as [31] ,
where N is fatigue cycle; a is the crack length; c 1 , c 2 , c 3 , c 4 are material constants; G max and G min correspond to the strain energy release rates when the structure is loaded up to F max and F min respectively. The interfacial elements at the crack tips will not be released unless the equation (6) and G max >G thresh are satisfied and then the crack propagates initially quite rapidly until the so called Paris regime is reached where the growth rate reaches a steady rate. Once a critical crack length is reached, the crack will grow catastrophically when the G value is higher than the strain energy release rate upper limit G pl . At this part final fast fracture occurs during the last fatigue cycle.
FEA implementation
Fig.19. Schematics of the three layers FEA model
In 4-point bending, the cross-ply laminate is symmetric in geometry, material properties and the boundary condition, therefore the model was simplified to a half geometry and the crack was defined at the interface between ply15 (unidirectional transverse lamina, thickness 0.12mm) and ply16 (unidirectional lamina, thickness 0.12mm). The lower section ([0/90] 3s 90/0, thickness 1.68mm), ply1-14 was considered as homogeneous orthotropic, whose material properties (flexural elastic properties) were calculated by CLT. Fig.19 illustrates the FEA model including three layers. The two rollers were considered as rigid body, and a contact boundary condition was applied for the interaction between the rollers and the specimen. According to the open literature [32, 33] , the critical strain energy release rates of 977-2 epoxy based composites are in the range of 600-2400 J/m 2 . Therefore, an intermediate value,
G c =1500 J/m 2 was applied on the FEA model. Table 3 gives the material information, including elastic and fracture properties.
For VCCT, an initial crack must be embedded into the interfacial elements and the crack path should be defined. It is reasonable to assume that the crack was initiated under the load roller due to the stress concentration here. According to the 3D solid modelling of quasi-static bending [13] , the solution was mesh independent when each ply was divided into three elements through thickness, however the contact region should be refined to capture the stress concentration due to the contact. For the fatigue modelling, the loading history was simplified as triangular function instead of the sinusoidal shape. Fig.20 plots the mesh of the FEA model and the schematics of loading history. The FEA model was solved by ABAQUS/Standard (Version 6.14). It should be noted that the maximum deflection had exceeded the 'large-deflection criterion'; therefore nonlinear behaviour must be taken into account. Fig.21 presents the stress distribution of the whole model. The buckling-driven delamination is clearly shown. Due to the limit of the current FEA technique, multiple cracks are not allowed to cross each other; therefore ply16 still withstood part of the compressive stress and the stiffness reduction was not as significant as observed in the specimen after buckling. and the curve showed a linear relation until the deflection was close to about 10% of the bending span (large deflection criterion). According to the CLT formulae, the apparent flexural modulus of the CP laminate ([0/90] 4s ) is calculated as 86 GPa, which is slightly higher than the experimental data (measured as 80 GPa), therefore the reaction force in the FEA simulation showed a higher value than the experiment at the same deflection. For the case (b), FEA simulation with 0.2mm initial crack, the curve showed a zigzag aspect at the linear stage indicating the debonding of the interfacial elements. With the growth of the crack length and the increase of deflection as well as the compressive stress, the part of ply16 above the crack buckled when the loading was increased to approximately 90% of the ultimate flexural strength, leading to a sudden delamination, therefore the curve showed a significant oscillation. In FEA, ply16 still withstood compressive stress after it buckled; therefore the stiffness was relatively high. As a contrast, (c) the experiment observation showed that ply16 failed after it buckled and the stiffness reduced significantly. Figs.23 and 24 present the distributions of mode I and mode II strain energy release rates along the crack path at the moments of the onset of buckling and after sudden delamination. It is apparent that the crack propagated in a single direction due to the constraint of the load cell. It can be seen from Fig.23 that the onset of buckling was associated with mode I; however the mode I strain energy release rate reduced exponentially when the buckling initiated; after that the delamination was driven by mode II according to Fig.24 . Therefore, the onset of the buckling was mode I dominated while the crack propagation was mode II dominated.
This article has been published in the Journal of Composite Structures. Please refer this article as-"Moisture effects on the bending fatigue of laminated composites", M. It was observed that the initial crack length has no effect on when the buckling happens if it is shorter than a critical length. Once the buckling was initialized, the crack propagated rapidly in FEA. The parametric study on the critical strain energy release rate showed that the buckling was initiated at a larger deflection at higher critical strain energy release rate. However the deflection at buckling was not as large as that in the experiment due to the artificial initial crack in the FEA. Therefore, the initial crack must be critical to the flexural strength and the fatigue life. Since the initial crack is caused by the stress concentration, the apparent flexural strength is expected to be significantly higher if the stress concentration is reduced, for instance, by increasing the radius of the load arm.
Recalling the fatigue stiffness of CP specimen in Fig.10 , the initial crack was induced by the stress concentration at relatively low cycle count at the highest loading level. Since this loading level was very close to the buckling criterion shown in Fig.22, ply16 failed by the buckling-driven delamination rapidly, corresponding to the stiffness reduction shown in Fig.10 . Since the onset of the buckling is associated with the mode I strain energy release rate, this may lead to an assumption that those FRP composites with higher mode I strain energy release rate are expected to achieve better fatigue life at high loading levels. The 2D FEA model has loss the transverse information; therefore a comprehensive 3D solid model was built to compare with the 2D model. The 3D solid model was similar to the 2D containing three-layer structure. Taking advantage of the symmetry it is sufficient to consider a quarter of the region. The 3D FEA model suffered convergent problem if the load roller was defined as rigid body, therefore they were designated as steel. The mesh near the transverse edge was refined in order to capture the edge effect. Due to the limit of the computing resource, the through-thickness mesh of ply15 and ply16 was only divided into two layers. Fig.24 shows the similar buckling-driven delamination to the 2D model. Fig.25 presents the progressive debonding of the 3D solid model. Although an initial crack was embedded underneath the load roller, it was found that the foregoing debonding elements were formed at the edge during the fatigue crack propagation, as shown in increment 2, and then the crack propagated through the transverse direction, as shown in increment 3. For an intact specimen in experiment, it is reasonable to state that the crack is induced at the two edges underneath the load roller by the combination of the stress concentration and edge effect. Therefore, it is inferred that the buckling-driven delamination in fatigue was comprised four steps, as shown in Fig.26 : (a) the edge cracks were induced underneath the load cell; (b) the edge cracks penetrated inside the laminate to form the initial crack (which was embedded in the FEA model); (c) the edge cracks lead the forgoing fracture during the fatigue; until (d) the crack length met the criterion of buckling and then the buckling drove a catastrophic delamination. After the first compressive ply (top surface) failed by the buckling-driven delamination, the second ply repeated the same process, and then the third ply (as shown in Fig.8 ) … until the whole specimen failed.
In case of those specimens fatigue tested in the wet environment (i.e. covered by a wet sponge), it is apparent that water climbed into the cracks due to the capillary effect. Smith and Weitsman used X-ray to investigate the capillary effect of the immersed fatigue response of CFRP composites and found that the rate of capillary climb was approximately 7mm/min regardless of stress levels [34] . Compared with the moisture diffusivity of polymer composites, the rate of capillary climb is one million times faster; therefore it is reasonable to assume that the foregoing mass of water is preserved during the loading cycle. As a consequence, the water prevented the crack closure when the specimen was unloaded, and then the crack propagation was accelerated, leading to a much shorter fatigue life. 
Conclusions
Following diffusion measurements [5, 13] , this paper performed the fatigue studies of dry and saturated laminate specimens (tap water immersion, sea water immersion, and sea water immersion with 70bar hydrostatic pressure) in both dry and wet environments. Bending fatigue (both 3-point and 4-point bending) tests were carried out at three loading levels to investigate the fatigue performance of the UD and CP laminates. FEA modelling, based on VCCT, investigated the fatigue crack propagation as well as the fatigue failure mechanisms.
The UD and CP laminates showed different fatigue failure behaviour but a similar response to environmental effects. It was found that the water degradation reduced the fatigue performance: dry specimens survived at 80% UFS but failed at 90%UFS, while water conditioned coupons survived at 65%UFS by failed at 80%UFS. However, no evidence was found to identify the different effects of the three immersions on the fatigue performance.
Water ingress during fatigue significantly accelerated the crack initiation and fatigue crack propagation, therefore a short fatigue life was expected. Experimental observation showed that the immersed coupons failed when tested in wet environment (80% UFS) but survived when tested in air at the same loading level.
The traditional SN curve was inappropriate to predict the fatigue of CFRP composites and the fatigue analysis must be associated with the loading conditions. The study of the fatigue stiffness has shown that the fatigue failure modes were associated with bending condition (3-point and 4-point bending), loading level, loading sequence, stacking sequence and the loading environments (dry and wet). Any attempt to analyse the fatigue failure mechanisms without consideration of the practical conditions will lead to inaccurate results.
Both the UD and CP laminates failed by buckling-driven delamination in 4-point bending fatigue. FEA based on VCCT simulated the buckling-driven delamination in both 2D and 3D. It was found that the initiation of buckling was mode I dominated while the fatigue crack propagation was mode II dominated.
FEA modelling unveiled the development of the 4-step buckling-driven delamination, in which the edge effect played an important role in the fatigue crack propagation. Furthermore, the water ingress due to the capillary phenomenon significantly accelerated the progress of crack initiation and propagation. At the zone BC, the moment is expressed as, The equation (A8-2) is the same as the one in the ISO standard shown as equation (2) using the deflection at the middle point.
